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Abstract: Bermudagrass (Cynodon spp.) is the primary of turfgrass species used for 
residential lawns in Oklahoma. In place of bermudagrass, tall fescue [Schedonorus 
arundinaceus (Schreb.) Dumort., nom. cons.] has often been planted in shaded 
environments. Zoysiagrass (Zoysia Willd.) is a lesser-used turfgrass species that is well-
adapted to Oklahoma and could potentially serve as an alternative choice in shaded 
environments. A one-year field study was conducted in summer 2018 to test the water 
use rates and turf performance of zoysiagrass including 11 cultivars of zoysiagrass and 1 
cultivar of bermudagrass. Grasses were evaluated under 73% shade and open sun. In 
terms of turf quality, ‘Diamond’ and ‘Meyer’ were the top two performers in severe 
shade, and Celebration was the worst performing cultivar. Additionally, the microclimate 
coefficient of the top performers and Celebration suggested that bermudagrass respond to 
shade environment differently than zoysiagrass but there was also variation between 
cultivars among zoysiagrass. 
In addition, one greenhouse experiment tested the hypothesis that turfgrass vary in their 
morphological response to shade and these changes may result in cultivar-specific 
changes in water use rates in response to shade. ‘Shade’ (55% shade) and ‘Non-shade’ 
(12-hour supplemental lights) treatments were applied using a neutral black shade fabric 
on ‘Falcon IV’, ‘Meyer’, ‘El Toro’, and ‘Latitude 36’. Irrigation was applied manually 
being well-watered (100% ET), and data collected included NDVI, Chl, LA, SLA, CY, 
LER, and evapotranspiration rate. The ET rate of Falcon, Meyer, El Toro, and Latitude 
36 reduced under shade by 13%, 23%, 24%, and 29%, respectively. Further, the other 
measured variables responses were inconsistent and not clearly related to water use rate 
or shade tolerance. Followed with another study to test the hypothesis that shade will 
enhance turfgrass drought resistance under progressive soil drying. Within the same 
shade and non-shade environment, plants were subjected to either daily replacement of 
evapotranspiration or no irrigation. Plants were evaluated for relative water content, leaf 
firing, ET rate, and dry roots mass. Results suggested that shade had no effect on the 
transpiration break point for Falcon IV, Meyer, and El Toro, but the break point of 
Latitude 36 was delayed.  
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INTRODUCTION   
Problem Statement 
The water use rate of turfgrass is affected by environmental conditions (Kim and Beard, 1989). 
About 25% of turfgrass is affected by some degree of shade (Beard, 1973). Shade can create a 
microclimate in the landscape which reduce turfgrass water use rates (Bell et al., 2000). 
Additionally, shade can cause morphological changes to turfgrass that including decreased leaf 
thickness, decreased shoot density, and increased leaf elongation (Jiang et al., 2004; McBee and 
Holt, 1966). Ultimately, shade can lead to a decline in turfgrass density and aesthetics.  For many 
turfgrass areas, shade is an inevitable component of the landscape that can create a challenge for 
turfgrass management.    
There is an apparent variation in species and cultivar shade tolerance (Jiang et al., 2004; 
Trenholm and Nagata, 2005). Bermudagrass is the most popular and widely-used turfgrass 
species in the southern region (McCarty and Miller, 2002). Turf-type tall fescue [Schedonorus 
arundinaceus (Schreb.) Dumort., nom. cons.] has great shade tolerance and is a popular turfgrass 
species in northern and transition zone of the United States (Carrow, 1996). Zoysiagrass has 
better shade tolerance than bermudagrass, and is well-adapted to the transition zone of United 
States (Patton and Reicher, 2007).   
In addition to shade, drought stress is another environmental factor that can affect turfgrass 
growth and development. Moreover, turfgrass species and cultivars within species can differ in 
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their drought resistance (Carrow, 1995; Huang et al., 1997). Water scarcity is a growing concern 
across the world, in particular in metropolitan areas where turfgrasses can be the predominant 
plant species (Beard and Green, 1994).  Efforts to decrease water used for turfgrasses can have a 
meaningful effect on the sustainability of our water resources. 
Research Goal and Objectives  
The long-term goal of this research is to develop best management practices for landscapes under 
shade in terms of turfgrass selection and irrigation management. 
The objectives of this research are: 
1. To quantify the effect of acute shade on leaf morphology of shade tolerant and sensitive 
turfgrasses;  
2. To quantify the effect of shade on water use rate of shade tolerant and sensitive turfgrasses. 
3. To compare the drought resistance of four turfgrasses under shade. 
4. To compare water use rates of 11 selected zoysiagrass cultivars and 1 bermudagrass cultivar 
under moderate shade.   
Testable hypothesis: 
1. Turfgrasses can vary in their morphological response to shade.  
2. Turfgrasses will vary in water use rates in response to shade.   
3. Shade will enhance turfgrass drought resistance under progressive soil drying. 














EFFECTS OF ACUTE SHADE TREATMENT ON TURFGRASS WATER USE 
RATES   
 
Abstract 
The shaded environment poses an irrigation management challenge due to variation in plant 
response to changing microclimates. Understanding the comparative water use rates of 
commonly-used turfgrass species in a shaded environment would improve irrigation scheduling 
recommendations and contribute towards urban water conservation. The objectives of this study 
were (i) to compare water use rates of selected turfgrasses under two irradiance levels, and (ii) to 
determine if shade-induced changes in water use rates were related to changes in leaf 
morphology.  An 8-week greenhouse experiment was conducted in fall 2017 using ‘Latitude 36’ 
hybrid bermudagrass [Cynodon dactylon (L.) Pers. × C. transvaalensis Burtt Davy], ‘Falcon IV’ 
tall fescue [Schedonorus arundinaceus (Schreb.) Dumort., nom. cons.], and ‘Meyer’ and ‘El 
Toro’ zoysiagrass (Zoysia japonica Steud) grown in 15-cm diameter lysimeters. Each cultivar 
was subjected to two irradiance levels: shade (55% nominal shade fabric) and non-shade (ambient 
greenhouse conditions plus supplemental artificial lights). Plants were evaluated for normalized 
difference vegetation index, specific leaf area (SLA), leaf elongation rate (LER), leaf angle, 
chlorophyll content, and clipping yield over the study period. The water use rate of each cultivar 
was obtained gravimetrically between 48-hour periods. Turfgrass ET rates for Falcon IV, Meyer, 
El Toro, and Latitude 36 declined under shade by 12.8%, 23.1%, 24.1%, and 28.9%.  For other 
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measured variables, cultivar responses were inconsistent and not clearly related to water use rate 
or shade tolerance.  These findings suggest physiological differences between warm- and cool 
season turfgrasses may be the most important aspect of plant transpiration under varying levels of 
irradiance. 
Introduction 
The demand for potable water from industrial and domestic sectors is increasing with the growing 
population across the U.S., while readily available water resources are finite (Gleick, 1993; 
Simonovic and Fahmy, 1999; Maggioni, 2015). This predicted deficit of fresh water resources is 
a major environmental issue for the turfgrass industry in many regions of the country (Pimentel et 
al., 2004; Pfister et al., 2009; Brown and Matlock, 2011). Efficient management of potable water 
resources is critical to ensuring continued growth of metropolitan areas (Aitken et al., 1994; 
Daigger, 2009). Water used for irrigation of residential lawns is a significant component of the 
annual water budget of most cities, particularly those in arid and semi-arid climates (Bijoor et al., 
2014; Bruvold and Smith, 1988; Endter-Wada et al., 2008). Proper selection and management of 
turfgrasses in the urban landscape can lead to substantial water savings without sacrificing the 
beneficial properties of turfgrasses (Bormann et al., 2001; Ferguson, 1987).    
Turfgrass evapotranspiration (ET) rates can vary considerably across species (Allen et al., 2005; 
Romero and Dukes, 2016). Cool-season turfgrasses ‘Rebel’ tall fescue [Schedonorus 
arundinaceus (Schreb.) Dumort., nom. cons.] and Kentucky bluegrass [Poa pratensis L. ssp. 
Pratensis] used 20% more water than warm-season grasses including buffalograss [Bouteloua 
dactyloides (Nutt.) J.T. Columbus] and ‘Tifway’ hybrid bermudagrass [Cynodon dactylon (L.) x 
C. transvaalensis Burtt Davy] (Feldhake et al., 1983). There can also be variation in ET rates 
among the warm-season turfgrasses (Wherley et al., 2015). The daily ET rates of warm-season 
turfgrasses under well-watered conditions were reported in a review by Colmer and Barton 
(2017) to be from 4.40 to 5.55 mm d-1 with the water use of zoysiagrass is greater than 
5 
 
bermudagrass. Amgain et al. (2018) studying lysimetric ET of ten bermudagrass genotypes 
reported significant variability even within a species. 
Turfgrass ET rates are influenced by environmental conditions such as humidity, temperature, 
and solar radiation (Allen et al., 1998).  Turfgrasses are often managed under some level of shade 
which is likely to influence many of these environmental contributors to ET.  For example, 
Feldhake et al. (1983) reported that turfgrass ET increased linearly with solar radiation when 
using neutral density fabrics to simulate shade. However, ET can also be influenced by attributes 
of the plant (Allen et al., 1998).  In the case of turfgrasses, shade can cause morphological 
changes to plants including increased leaf elongation, decreased leaf thickness, and decreased 
shoot density (Jiang et al., 2004; McBee and Holt, 1966). Previous research demonstrated that 
clipping yield decreased with increasing shade for tall fescue and hybrid bluegrass (P.arachnifera 
x P.pratensis) (Meeks et al., 2015). Crop reflection, ground coverage, crop height, and crop 
roughness influence ET rates by changing the aerodynamic and bulk crop resistances to water 
transfer (Allen et al., 1998). Similarly, changes in turfgrass morphology, anatomy, or physiology 
may influence ET by influencing surface albedo, stomatal properties, or plant density (Allen et 
al., 1998).  
Turfgrass species and cultivars within a species can vary in shade tolerance (Dunne et al., 2017; 
Jiang et al., 2004; Sladek et al., 2009; Trenholm and Nagata, 2005). Among the cool-season 
turfgrasses, tall fescue was reported to have superior shade tolerance to fine fescues (Festuca 
spp), Kentucky bluegrass, roughstalk bluegrass (Poa trivialis L.), and perennial ryegrass (Lolium 
perenne L.) (Gardner and Taylor, 2002). A three-year field experiment suggested that Z. matrella 
was better adapted to heavy shade than Z. japonica (Wherley et al., 2011). Among bermudagrass 
cultivars, ‘Celebration’ [Cynodon dactylon L. Pers.] has demonstrated the best shade tolerance 
(Bunnell et al., 2005; Chhetri et al, in review). In general, cool-season turfgrasses have better 
shade tolerance than warm-season turfgrass (Qian and Engelke, 1999).  
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Because of the apparent variation in species and cultivar shade tolerance, I hypothesize that 
differing morphological responses to shade will result in cultivar-specific changes in water use 
rates in response to shade.  To test this hypothesis, the objectives of this study were (i) to quantify 
the effect of acute shade on leaf morphology of shade tolerant and sensitive turfgrasses; and (ii) to 
quantify the effect of shade on water use rate of shade tolerant and sensitive turfgrasses.  
Materials and Methods 
The study was conducted at the Horticulture Research Greenhouses at Oklahoma State Univeristy 
in Stillwater, OK (36.136043°N, -97.086767°W) from September 3 through November 3, 2017. 
Temperature in the greenhouse was maintained at a 30/20 °C (day/night) regime. 
Four cultivars were selected for this study: ‘El Toro’ zoysiagrass (Z. japonica), ‘Meyer’ 
zoysiagrass (Z. japonica), ‘Latitude 36’ hybrid bermudagrass, and ‘Falcon IV’ tall fescue. 
Grasses were planted in May 2017 into polyvinyl chloride (PVC) growth tubes (15 cm diameter 
and 36 cm long) filled with fritted clay (Turface MVP, Profile LLC., Buffalo Grove, IL) that had 
been sieved to a particle size ranging from 1mm to 2mm. Pre-plant fertilizer (6-2-0, Milorganite, 
Milwaukee, WI) was applied on the soil surface at 5 g N m-2. Zoysiagrasses were established as 
washed sod. Bermudagrass was established from sprigs at the rate of 1.53 x 104 ml m-2 (Johnson, 
1973). Tall fescue was seeded at a rate of 29 g m-2 pure live seed (Martin, 1995). Turf height was 
maintained by clipping weekly at 5 cm with scissors. Two weeks after planting, a soluble 
complete fertilizer (Peter’s 20-20-20, A.M. Leonard, Piqua, OH) was applied at a rate of 0.6 g N 
m-2 every week during the establishment and experiment period. Preventative applications of 
chlorothalonil (Daconil Weatherstik, Syngenta, Basel, Switzerland) and bifenthrin (Up-Star Gold 
Insecticide, Seed Ranch, Odessa, FL) were applied every two weeks at label rates for control of 
Rhizoctonia spp. related diseases, bermudagrass mite (Aceria cynodoniensis Sayed), and 
7 
 
zoysiagrass mite (Eriophyes zoysiae). Plants were allowed to establish for three months after 
planting before subjecting pots to shade treatment.  
Experimental Design and Treatment  
This experiment was arranged as a completely randomized design (CRD) with eight replications. 
The treatments were arranged as a modified split plot with the whole main plot being the shade 
factor and each of the four cultivars arranged factorial within each irradiance level. Shade 
treatments consisted of a control group (ambient) and experimental group (shaded). The shade 
treatment was imposed using black woven shade fabric (American Plant Products, Oklahoma 
City, OK), nominally rated to reduce incoming radiation by 55%. A 3.0 X 1.5 m section of the 
shade fabric was suspended approximately 1.0 m above the pots. Non-shaded pots received 
ambient PAR and supplemental lights (700 to 1900 hr) within the greenhouse. Shade fabric was 
placed on the experiment group from September 2, 2017 to November 3, 2017, and was only 
removed for data collection, mowing, and fertilization every another day (about 5 hours in total 
per week).  
Data Collection and Analysis  
Photosynthetically active radiation (PAR) was recorded on a 30 min resolution using a quantum 
sensor (WatchDog 1000, Spectrum Technologies, Inc., Plainfield, IL). The ambient temperature 
and humidity were recorded every 30 minutes using WatchDog 1000 (Spectrum Technologies, 
Inc., Plainfield, IL). A daily light integral (DLI) was calculated as the sum of PAR reaching pots 
within a day.   
The ET rate over a 48-hour period was determined gravimetrically under non-limiting conditions. 
The day before initiating the study, a cork was inserted into each drain hole with 1 cm diameter 
and which is at the bottom of each pot, and pots were then irrigated by hand until free water was 
evident on the surface. Pots were maintained under saturated conditions for one hour before the 
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corks were removed and pots allowed to drain for 24 hours. After this period, corks were 
reinserted to prevent further water loss, and pots weighed to measure the field capacity mass. Pots 
were subsequently weighed and watered back to field capacity every 48 hours for the remainder 
of the study.  
Clippings were oven-dried at 80°C for 48 hours and weighed to quantify clipping yield (CY, 
collected weekly). Discrete measurements of specific leaf area (SLA), leaf elongation rate (LER), 
leaf angle (LA), and chlorophyll content (Chl) were taken at 1, 4, and 8 weeks after treatment 
(WAT). Clipping yield was collected weekly during the experiment period, and CY was collected 
by a plastic collection box with 0.8 x 0.5 x 0.4 m volume. Canopy height was measured weekly 
using a ruler, and LER calculated as the difference between height measurements immediately 
after mowing and similar measurements 7 days after mowing. Chlorophyll content was estimated 
using a handheld chlorophyll content meter (CCM-300, Opti-Sciences, Inc.). A small protractor 
was used to measure the leaf angle (from the soil level) of the second fully-expanded leaf using 
six shoots per pot. Leaf area of the second fully-expanded leaf was measured on five shoots per 
pot using the mobile app Leafscan (Department of Radiation Oncology, University of Michigan) 
and a smartphone (Model A1662 iPhone SE, Apple, Inc.). Image files were converted to area 
units using the reference markers provided by the developer. After measuring leaf area, the leaves 
were oven-dried at 80°C for 48 hours before being weighed to obtain dry mass. Specific leaf area 
was calculated as the leaf area divided by the leaf dry mass (Fontanier and Steinke, 2017).  
Daily ET data were averaged across each measurement date within a week (weekly ET) as well as 
for the entire experimental period (average ET) prior to further analysis. The fraction of maximal 
ET (ET ratio) for shaded treatments was also calculated as the average daily ET rate of non-
shaded pots divided by the corresponding average daily ET Rate in shade for each cultivar. 
Weekly ET was calculated from the ET ratio within each week during experiment. All data were 
subjected to analysis of variance (ANOVA) using PROC GLIMMIX (SAS Institute, 2011). The 
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analysis was conducted to determine the effects of cultivar, shade, time, or their interactions on 
weekly ET, average ET, ET ratio, CY, LER, LA, Chl, and SLA. Means for each group were 
compared with Tukey’s LSD, and a significance level of  p < 0.05 was used for all tests. 
Results 
Light Condition  
The DLI for shaded pots was about 38% of that for non-shaded pots resulting in 6.4 mol m-2 d-1 
and was 18.1 mol m-2 d-1 for the shaded and non-shaded conditions, respectively (Table 1).  
Comparative Water Use (ET)  
The average ET rate demonstrated significant cultivar and shade main effects (Table 2).  Shade 
decreased ET for each cultivar ranging from a 13% decrease in Falcon IV to a 29% decrease in 
Latitude 36 (Table 3).  Tall fescue demonstrated the highest ET rate, being 38% greater than all 
warm-season turfgrasses in non-shaded condition, and being 47% greater than all warm-season 
turfgrasses in shaded treatment. 
Analysis of weekly ET resulted in a significant three-way interaction, therefore subsequent 
analyses were conducted within week and shade treatment (Table 2).  In general, the main effect 
of cultivar remained similar across weeks (i.e., tall fescue > other species), although the relative 
ranking among warm-season turfgrasses varied with week. El Toro had a higher ET rate than 
Meyer in three weeks and five weeks in shaded treatments, respectively (Table 4). El Toro had 
higher ET than Latitude 36 in five of eight weeks under shade treatment. In the non-shaded 
treatment, Latitude 36 demonstrated a greater ET rate than El Toro in Week 1, but the reverse 
occurred in Weeks 5 and 6. 
Analysis of the ET ratio (fraction of ET in shade versus non-shaded) demonstrated significant 
cultivar and time main effects (Table 2). Analysis of the ET ratio for each week resulted in 
significant main effects both by cultivar and by time but not the interaction of cultivar by time 
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(Table 2). For the eight weeks, only the weekly ET ratio of Falcon IV was found to be 
significantly higher from other cultivars in week 3, week 5, week 6, and week 8 (Table 5). 
Moreover, the weekly ET ratio means by cultivar main effect of Falcon IV also demonstrated 
significantly higher than Meyer, El Toro, and Latitude 36 over the experiment period (Table 5). 
The weekly ET ratio of Falcon IV was greater than the average weekly ET ratio of other tree 
grasses by 14%.  
Leaf Morphology 
The SLA and LA data each demonstrated significant cultivar, shade, and time main effects (Table 
6). The LA data showed significant cultivar by shade and cultivar by time interaction effects. A 
three-way interaction of cultivar by shade and time was found significant for SLA. Therefore, 
subsequent analyses of LA and SLA were conducted within each measurement date. 
Shade increased SLA of Latitude 36 at 1WAT, 4WAT, and 8WAT, and increased SLA of Falcon 
IV at 1WAT and 8WAT.  Shade had no effect on SLA of Meyer and El Toro at any measurement 
date (Table 7). Shade increased the LA for Meyer and Falcon IV at 4 WAT and increased the LA 
for each warm-season turfgrass at 8WAT (Table 8).  Shaded Meyer and Latitude 36 demonstrated 
the largest increases in LA from 1WAT to 8WAT. 
Chlorophyll Content 
The Chl data demonstrated significant cultivar, shade, and time main effects (Table 6). A three-
way interaction of cultivar by shade by time was significant for Chl. Therefore, subsequent 
analyses of Chl were conducted within each shade treatment and measurement date.  Chlorophyll 
content of each cultivar was unaffected by shade with the exception of Latitude 36 (Table 9). At 





Clipping Yield and Leaf Elongation Rate 
The LER and CY each demonstrated significant cultivar, shade, and time main effects (Table 6). 
The LER and CY showed significant cultivar by shade interaction effects, while the three-way 
interaction of cultivar by shade by time was found significant for CY.  
During the first three WAT, Latitude 36 demonstrated the greatest CY under each light treatment, 
although shade reduced CY for each of these three weeks (Table 10). For the remainder of the 
experiment, shade had either no effect (three of five dates) or actually increased CY (two of five 
dates) for Latitude 36.  Shade increased CY of Meyer from 4WAT to 7WAT and El Toro from 
4WAT to 8WAT.  Shade also increased the CY of Falcon IV as early as 3WAT but the effect 
varied from week to week.   
Latitude 36 had the lowest LER both under non-shaded and shaded environments (Table 11). At 
1WAT, shade increased the LER of El Toro and Falcon IV but not other cultivars. At 4WAT and 
8WAT, each cultivar with the exception of Latitude 36 showed a significant increase in LER 
under the shaded treatment. Despite this, Latitude 36 did follow a similar pattern as the other 
cultivars (in terms of numerical mean), and the lack of a significant shade effect for Latitude 36 
may have been an artifact of its smaller LER in general. 
Discussion 
Leaf Morphology 
Changes in turfgrass morphology can occur within four to seven days under a reduced irradiance 
environment (Bunnell et al., 2005). We hypothesized that the timing and magnitude of such 
changes might be influenced by turfgrass species. For the most part, our results were not in 
agreement with this hypothesis, and each cultivar responded fairly quickly to the onset of shade. 
Patten et al. (2017) reported the SLA of non-mowed Meyer as 23.8 m2 kg-1 which was 
similar to values reported in the present study for Meyer in shade.  Shade has been reported to 
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increase leaf length and average leaf area, while increasing specific leaf area due to changes in 
leaf thickness (Allard et al., 1991). Changes in organic N compounds, hemi-cellulose or lignin 
content have been associated with differences in SLA (Patton et al., 2017). Increasing SLA is 
thought to be an ecological response to competition for light that improves a plants ability to 
harvest light more efficiently (Reich et al., 1998). The lack of shade-induced change in SLA for 
either zoysiagrass suggests poor plasticity for this trait and perhaps some other mechanism of 
shade tolerance within this species. Fontanier and Steinke (2017) suggested zoysiagrasses 
compete in mixed species swards by being resource efficient while bermudagrasses are more 
likely to adapt canopy morphology to be more competitive for light.   
Chlorophyll Content 
Increasing Chl under shade has been reported as one of the adaptive mechanisms for species like 
St. Augustinegrass, tall fescue, and seashore paspalum to improve light absorbing capacity 
through photochemistry (Jiang et al., 2004; Wherley et al., 2005; Chin, 2012). Previous studies 
demonstrated that shaded turfgrass retain a better greenness than non-shaded plants by increasing 
leaf area and chlorophyll content (Barnes et al., 2014). Moreover, morphological acclimatization 
of turfgrass to decreased light intensity is an adaptive mechanism to compensate for the lower 
photosynthetic rate under shade (Wong, 1982). In contrast, Gaussoin et al. (1988) and Bunnell et 
al. (2005) discovered that bermudagrass had significant reduction in Chl in response to shade 
treatment. The present study suggests bermudagrasses may initially increase Chl in response to 
acute shade, but Chl ultimately declines to reduced levels as shade remains. Surprisingly, the Chl 
for other cultivars was not sensitive to irradiance level, suggesting shade severity was not 
sufficient to induce a response. 
Clipping Yield and Leaf Elongation Rate 
Barriors et al. (1984) stated that CY of warm-season turfgrasses decreases with decreasing light. 
This differs from results of the present study wherein CY generally increased under shade - 
13 
 
although after an initial decline.  To some extent, this can be explained by the increased LER and 
the short duration of the experiment.  In a prior study, turfgrass LER was 35% higher under 65% 
shade treatment compared with a non-shaded condition (Huylenbroeck and Bockstaele, 2001). 
The increased LER in this and other studies is likely due to increased endogenous gibberellin 
(GA1) concentration which can promote stem elongation in turfgrass species (Tan and Qian, 
2003).  
Comparative Water Use (ET) 
Feldhake et al. (1982) demonstrated that the ET rates of turfgrass increases linearly with solar 
radiation. Further, ET can be affected species and cultivar (Biran et al., 1981; Zhang et al., 2013). 
In this research, all shaded pots had lower water use than non-shaded pots, illustrating that 
reduced light intensity will decrease plants water use. Further, the study illustrated that cool-
season grasses have higher ET rates than warm-season grasses as has been commonly reported 
(Biran et al., 1981). Interestingly, the ET rate for the cool-season grass (Falcon IV) was 
apparently less affected by shade in comparison to the warm-season grasses.  Whether the 
apparent insensitivity of cool-season turfgrass ET to irradiance is due to unusually large ET rates 
in shade or unusually low ET rates in the non-shaded treatment is uncertain. 
In addition to reduction in available energy, ET may have been reduced by shade-induced 
changes in physiological, morphological, anatomical properties of the plants. Sills and Carrow 
(1983) reported that the lower ET rate under shade could be due to reduced biomass production 
and more vertical growth habit. It has also been suggested that the ET rate differences among 
turfgrasses were related to LA, SLA, and LER (Kim and Beard, 1988). In the present study, these 
variables did not provide consistent influence over turfgrass ET rates.  The author speculates that 




This experiment contributed to understanding of water use rates of turfgrasses under shaded 
conditions. However, plant water requirements are also affected by drought resistance, and how 
shade may influence drought resistance remains unknown. Future research to understand the 
effect of shade on drought resistance of turfgrass varying in shade tolerance is needed.  Further, 
these results were obtained under greenhouse conditions using artificial shade, and the findings 
should be validated under field conditions. 
Conclusion 
Falcon IV had the highest ET rate under both non-shaded and shaded environments but the 
relative magnitude of its difference with warm-season turfgrass varied with environment. These 
findings suggest crop coefficient-based irrigation scheduling in shaded environments may vary 
with shade tolerance of the turfgrass species. Changes in canopy morphology did not demonstrate 
substantial influence on ET rates suggesting physiological or other mechanisms are more 







Table 1. The daily light integral (DLI) during the experiment period. 
Month Shade† Non-shaded‡ % Shade § 
 mol m-2 d-1 mol m-2 d-1 - 
September 7.63 25.03 0.70 
October 4.97 11.12 0.55 
† Shade treatment was defined as ambient greenhouse conditions plus a 55% shade fabric.  
‡ Non-shaded treatment was defined as ambient greenhouse conditions plus supplemental high-
pressure sodium lights.  
§ Percentage Shade (% shade) was defined as the DLI of shaded environment divided by the DLI 



















Table 2. Analysis of variance for average ET, weekly ET, and weekly ET ratio. 
Source Average ET †  Weekly ET‡ Weekly ET Ratio § 
Cultivar (C) *** *** *** 
Shade (S) *** *** - 
Time (T) - *** *** 
C x S ns ns - 
C x T - *** ns 
S x T - *** - 
C x S x T - * - 
†Average ET was calculated as the mean daily ET rate across all measurement dates (N=64).  
‡ Weekly ET was calculated as the average ET across each week (N=512).  
§ Weekly ET Ratio was calculated as the fraction of ET for shaded versus non-shaded treatments 
(N=256). 
*Significant at the 0.05 probability level, **Significant at the 0.01 probability level, 






















Table 3. Average ET rate as affected by cultivar and shade treatment. 
Treatment  Falcon IV Meyer El Toro Latitude 36 
 ——mm d-1—— 
Non-shaded  4.9aA † 2.9aB 3.1aB 3.1aB 
Shade  4.3bA 2.3bB 2.4bB 2.2bB 
† Means followed by the same upper case letter within a row and means followed by the same 



























Table 4. Weekly ET as affected by cultivar and time interaction.  
Treatment Cultivar 1WAT† 2WAT 3WAT 4WAT 5WAT 6WAT 7WAT 8WAT 
  —————————— mm d-1—————————— 
Non-shaded Falcon IV 5.9a‡ 4.7a 4.4a 4.9a 4.0a 4.9a 5.0a 5.5a 
Meyer 3.6d 3.1d 2.8cd 3.0cd 2.4d 3.0cd 2.7d 2.8d 
El Toro 3.7d 3.3cd 2.9c 3.3c 2.5c 3.2c 3.0c 3.1c 
Latitude 36 4.0c 3.4c 2.9c 3.1c 2.3d 2.9e 3.0c 3.4c 
          
Shade Falcon IV 4.6b 4.3b 3.8b 4.5b 3.6b 4.5b 4.2b 4.9b 
Meyer 2.7ef 2.3f 2.1f 2.2f 1.8f 2.3f 2.2f 2.4e 
El Toro 2.9e 2.5e 2.2e 2.4e 1.9e 2.4f 2.3e 2.4e 
Latitude 36 2.7ef 2.3f 2.2e 2.2f 2.2g 2.2g 2.1f 2.5e 
† Week after treatment (WAT). 1 WAT, 4 WAT, and 8 WAT mean after 1, 4, and 8 weeks’ shade 
treatment, respectively. 























 Table 5. Weekly ET ratio as affected by the cultivar by time interaction.  
† Week after treatment (WAT). 1 WAT, 4 WAT, and 8 WAT mean after 1, 4, and 8 weeks’ shade 
treatment, respectively. ET ratio over the whole experiment, where only cultivar effect was 
considered. 
‡ ET ratio is defined as the ET of shaded pots divided by the ET of non-shaded pots times 100.  






















Cultivar 1WAT† 2WAT 3WAT 4WAT 5WAT 6WAT 7WAT 8WAT Average‡ 
 ———————————— % § ——————————  
Falcon IV 73.1a§  93.5a 91.7a 85.4a 91.5a 92.2a 88.2a 89.3a 88.1a 
Meyer 69.8a 87.6a 71.1b 75.8a 72.7b 77.5b 80.3a 84.3a 77.4b 
El Toro 74.1a 91.8a 70.4b 77.6a 76.4b 74.1b 78.8a 76.0b 77.4b 
Latitude 36 63.2a 82.4a 71.8b 71.1a 74.7b 75.4b 70.7a 73.1b 72.8b 
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Table 6. Analysis of variance for specific leaf area (SLA), leaf angle (LA), chlorophyll 
content (Chl), leaf elongation rate (LER), and clipping yield (CY). 
Source SLA LA Chl LER CY 
Cultivar (C) *** *** *** *** *** 
Shade (S) *** *** *** *** *** 
Time (T) ** ** *** *** *** 
C x S ns ** ** * ** 
C x T ** ns ** *** *** 
S x T ns *** ** *** *** 
C x S x T *** ns *** ns ** 
*Significant at the 0.05 probability level, **Significant at the 0.01 probability level, 






















Table 7.  Specific leaf area as affected by the cultivar by shade by time interaction.  
Treatment Cultivar 1 WAT † 4 WAT  8 WAT  
  ———————m2 kg-1———————— 
Non-shaded  Falcon IV 26.6b‡ 31.3b 22.4bc 
Meyer 17.4cd 18.2bc 16.9cd 
El Toro 17.7c 16.0d 15.6d 
Latitude 36 31.1b 33.5b 29.4b 
     
Shade  Falcon IV 34.3a 32.4b 36.9a 
Meyer 23.8bc 25.2bc 23.0bc 
El Toro 17.7c 16.3cd 19.4bcd 
Latitude 36 40.0a 46.4a 36.9a 
† Week after treatment (WAT). 1 WAT, 4 WAT, and 8 WAT mean after 1, 4, and 8 weeks’ shade 
treatment, respectively.  
























Table 8. Leaf angle as affected by the cultivar by shade by time interaction. 
Treatment Cultivar 1 WAT † 4 WAT 8 WAT 
  ——degrees—— 
Non-shaded  
Falcon IV 53.5a‡ 48.8b 50.8bc 
Meyer 39.3bc 30.6d 34.2d 
El Toro 43.5b 35.1c 35.3d 
Latitude 36 51.7ab 46.7b 49.9bc 
     
Shade  
Falcon IV 53.6a 55.9a 57.3ab 
Meyer 37.2cd 48.4b 52.9b 
El Toro 36.2cd 36.5c 42.1c 
Latitude 36 50.2ab 51.1ab 66.0a 
† Week after treatment (WAT). 4 WAT, and 8 WAT mean after 1, 4, and 8 weeks’ shade 
treatment, respectively.  


















Table 9. Chlorophyll content as affected by the cultivar by shade by time interaction.  
Treatment Cultivar 1 WAT † 4 WAT  8 WAT  
  ——mg m-2—— 
Non-shaded 
Falcon IV 440.3bc‡ 354.3cd 366.7cd 
Meyer 472.0b 395.8b 395.4a 
El Toro 383.2cd 353.3cd 368.3bc 
Latitude 36 365.6d 391.7bc 393.7ab 
     
Shade 
Falcon IV 427.6bc 353.7cd 379.9b 
Meyer 485.8ab 395.3b 391.7ab 
El Toro 419.3c 374.7c 393.3ab 
Latitude 36 520.8a 414.7a 366.8cd 
† Week after treatment (WAT). 1 WAT, 4 WAT, and 8 WAT mean after 1, 4, and 8 weeks’ shade 
treatment, respectively. The means comparison is within each data collection week. 


















Table 10. Clipping yield as affected by the cultivar by shade by time interaction. 
† Week after treatment (WAT). 1 WAT, 4 WAT, and 8 WAT mean after 1, 4, and 8 weeks’ shade 
treatment, respectively. 
























Treatment Cultivar 1WAT† 2WAT 3WAT 4WAT 5WAT 6WAT 7WAT 8WAT 
  ——————————g m-2 wk-1—————————— 
Non-shaded 
Falcon IV 13.6f‡ 12.5de 10.8d 14.7d 14.7d 10.2e 18.1bc 7.9c 
Meyer 17.0e 15.3cd 11.3cd 15.3d 15.9d 10.8e 19.2b 6.2cd 
El Toro 24.9bc 17.0c 14.2c 19.8cd 17.6cd 15.9d 19.2b 7.4c 
Latitude 36 34.0a 36.2a 20.4a 20.9c 19.2c 18.7c 13.6d 6.2cd 
          
Shade 
Falcon IV 15.9ef 15.9cd 14.7c 20.9c 20.4c 15.9d 19.8b 10.2a 
Meyer 15.9ef 13.6d 10.8d 24.3bc 27.2a 24.9a 26.0a 8.5b 
El Toro 21.5d 17.6c 14.7c 28.3a 24.9b 21.5b 25.5a 9.1ab 
Latitude 36 28.9b 29.4b 17.6b 26.0ab 24.3b 18.7c 17.6bc 6.2cd 
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Table 11. Leaf elongation rate as affected by shade by time interaction. 
Treatment Cultivar 1 WAT † 4 WAT  8 WAT  
  ——mm d-1—— 
Non-shaded 
Falcon IV 0.28cd‡ 0.39bc 0.42bc 
Meyer 0.40bc 0.36c 0.35c 
El Toro 0.46b 0.36c 0.34c 
Latitude 36 0.11d 0.10d 0.10d 
     
Shade 
Falcon IV 0.53a 0.70a 0.73a 
Meyer 0.49b 0.60ab 0.63ab 
El Toro 0.54a 0.54b 0.55b 
Latitude 36 0.19cd 0.24cd 0.26cd 
† Week after treatment (WAT). 1 WAT, 4 WAT, and 8 WAT mean after 1, 4, and 8 weeks’ shade 
treatment, respectively.  






































Irrigation management of turfgrass in shade can be complicated by interactions between reduced 
evaporative demand, shade tolerance, and competition for soil water from tree roots. A 
greenhouse study was conducted to understand how shade influences the drought resistance of 
four turfgrasses. The turfgrasses used in this study were ‘Falcon IV’ tall fescue [Schedonorus 
arundinaceus (Schreb.) Dumort., nom. cons.], ‘Latitude 36’ hybrid bermudagrass [Cynodon 
dactylon (L.) Pers. × C. transvaalensis Burtt Davy], and ‘Meyer’ and ‘El Toro’ zoysiagrass 
(Zoysia japonica Steud). Plants were established in 15-cm diameter lysimeters and subjected to 
two irradiance levels: shade (55% nominal shade fabric) and non-shade (ambient greenhouse 
conditions with supplemental lights). Within each irradiance level, plants were subjected to either 
well-watered conditions (daily replacement of evapotranspiration) or drought stress (no 
irrigation). Plants were assessed for leaf relative water content, visual leaf firing, water use rate, 
and dry root mass. The fraction of transpirable soil water (FTSW) was used to compare the break 
point where transpiration began to decline due to soil water stress. Transpiration began to decline 
at 48 to 53% of FTSW under the non-shaded environment.  Shade had no effect on the 
transpiration break point for tall fescue, Meyer, or El Toro, while the break point was delayed 
27 
 
(was drier) for bermudagrass. Results suggest shade affects stomatal regulation of turfgrasses 
under declining soil water differently for shade tolerant species and shade sensitive species. 
Introduction 
Drought stress is one of the main factors that limits turfgrass growth and development (Huang, 
1999; Yu et al., 2013; Su et al., 2013). Drought resistance is a term to describe plants’ 
mechanisms to withstand the drying condition (drought). Drought resistance can be attributed to 
either drought tolerance, drought avoidance, or some combination of the two (Carrow, 1996; 
Touchette et al., 2007). Drought tolerance describes a plant’s ability to maintain an adequate cell 
turgor under diminishing leaf hydration, whereas drought avoidance is associated with increased 
stomatal resistance, changes in leaf orientation, reductions in leaf area, and deep rooting (Huang, 
1999; Touchette et al., 2007).  
Huang and Fry (2000) defined turfgrass water use as the total amount of water required for plant 
growth and the water loss through evapotranspiration (ET). When the transpiration rate surpasses 
the plant’s water uptake rate, wilting and desiccation can take place. During a soil drying process, 
plants can reduce stomatal conductance thereby slowing transpiration and sustaining cell turgor 
over time (Cathey et al., 2013). The relationship between transpiration and soil water content is 
characterized by a segmented linear function whereby the transpiration rate remains fairly 
constant under a range of soil moisture conditions (Allen et al., 1998). Eventually, the plant and 
soil water status reaches a critical threshold which induces a downward shift in transpiration.  The 
ability of a plant to reduce its stomatal conductance under wetter soil conditions is thought to 
contribute to the potential drought resistance of the plant (Jiang and Huang, 2000). 
Turfgrasses are often managed in areas of reduced irradiance (i.e., shade) which can have 
important effects on plant growth and development. Shade reduces the evaporative demand of the 
surface thereby serving as a drought avoidance mechanism of sorts. However, interception of 
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rainfall from tree canopies and competition for soil moisture from tree roots can mitigate the 
potential benefit of shade on turfgrass water requirements. Thus, understanding how turfgrasses 
respond to drought stress under shaded conditions may have useful implications for water 
conservation of irrigated mixed-species landscapes.  
Turf type tall fescue [Schedonorus arundinaceus (Schreb.) Dumort., nom. cons.] is a popular 
turfgrass in northern and transition zone of the United States and has excellent shade tolerance 
(Carrow, 1996). Bermudagrass [Cynodon dactylon (L). pers] is the most widely-used turfgrass 
species in tropical and subtropical regions of the country and is considered as having good 
drought resistance but poor shade tolerance (Etemadi et al. 2005; McCarty and Miller, 2002; 
Dunn and Diesburg, 2004). Zoysiagrass (Zoysia japonica Steud.) is well-adapted to the transition 
zone climate and has intermediate drought and shade tolerance in comparison to tall fescue and 
bermudagrass (Patton and Reicher, 2007). Understanding how shade interacts with drought for 
these species could contribute to a more sustainable turfgrass industry in the transition zone of 
United States.  
The objective of this study was to compare the drought resistance of four turfgrasses under shade. 
My hypothesis was that shade will enhance turfgrass drought resistance under progressive soil 
drying similarly for each cultivar in the study.  
Materials and Methods 
The study was conducted at the Oklahoma State University Horticulture Research Greenhouses in 
Stillwater, OK (36.136043°N, -97.086767°W) from April through May 2018. Temperature in the 
greenhouse was maintained at a 30/20 °C (day/night) regime.  
Four cultivars were included in this study: ‘El Toro’ and ‘Meyer’ zoysiagrass, ‘Latitude 36’ 
hybrid bermudagrass (C. dactylon × C. transvaalensis), and ‘Falcon IV’ tall fescue. All cultivars 
were planted in May 2017 in polyvinyl chloride (PVC) growth tubes (15 cm diameter and 36 cm 
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long) filled with fritted clay (Turface MVP, Profile LLC., Buffalo Grove, IL) that had been 
sieved to a particle size ranging from 1 mm to 2 mm. Pre-plant fertilizer (6-2-0, Milorganite, 
Milwaukee, WI) was applied on the soil surface at 5 g N m-2. Zoysiagrasses were established as 
washed sod. Bermudagrass was established from sprigs at the rate of 153 ml m-2 (Johnson, 1973). 
Tall fescue was seeded at a rate of 29 g m-2 pure live seed (Martin, 1995). Turf height was 
maintained by clipping weekly at 5 cm with scissors. A soluble complete fertilizer (Peter’s 20-20-
20, A.M. Leonard, Piqua, OH) was applied at a rate of 0.6 g N m-2 at two weeks after planting 
and subsequently every week during the establishment and experiment period. Preventative 
applications of chlorothalonil (Daconil Weatherstik, Syngenta, Basel, Switzerland) and bifenthrin 
(Up-Star Gold Insecticide, Seed Ranch, Odessa, FL) were applied every two weeks at label rates 
for control of Rhizoctonia spp. related diseases, bermudagrass mite (Aceria cynodoniensis Sayed), 
and zoysiagrass mite (Eriophyes zoysiae).  
Experiment Design 
The experiment was arranged as a completely randomized design with four replications. The 
treatments were arranged as a modified split plot with the whole main plot being the shade factor 
and each of the four cultivars and two irrigation levels arranged factorial within each irradiance 
level. The shade treatment was imposed using black woven shade fabric (American Plant 
Products, Oklahoma City, OK), nominally rated to reduce incoming radiation by 55%. A 3.0 x 
1.5m section of the shade fabric was suspended approximately 1 m above the pots. Non-shaded 
pots received supplemental lighting from a high pressure sodium lamp and are hereafter referred 
to as the non-shaded treatment. Shade fabric was placed on the experiment group for 8 weeks 
prior to initiation of irrigation treatments and was only removed for data collection, mowing, or 
fertilization (about 7 to 8 hours per week).  
There were two irrigation treatments included in this study: (i) well-watered (daily replacement of 
100% ET), and (ii) dry-down (water withheld for the duration of the study). The day before 
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initiating the dry-down treatment, all pots were trimmed and watered to saturation for an hour. 
After 24 hours of drainage, pots were weighed to determine the field capacity weight (Wfc).  
Measurements  
Photosynthetically active radiation (PAR) within each irradiance treatment was measured on a 30 
min resolution using a quantum sensor (WatchDog 1000, Spectrum Technologies, Inc., Plainfield, 
IL). A daily light integral (DLI) was calculated as the sum of PAR reaching pots within a day.   
After initial saturation and drainage to field capacity, pots were weighed daily at 1300 hr, and ET 
calculated as the difference in mass between days. A transpiration ratio (TR) was calculated as 
the ET of dry-down pots (ETdry) divided by the ET of well-watered (ETck) pots. The study end 
point was defined as when TR reached 25%. The final weight (Wtfinal) was recorded for each pot 
and used to calculate the total transpirable soil water (TTSW) as the difference between the Wtfc 
and the Wtfinal (Sadras and Milroy, 1996; Fuentealba et al., 2016; Zhang et al., 2017). In order to 
describe the relationship between TR and soil water status, the fraction of transpirable soil water 
(FTSW) was calculated as the difference between the daily pot weight (Wtdaily) and Wtfinal divided 
by TTSW. FTSW represents the soil water status of each pot. In order to reduce noise, a 
normalized transpiration ratio (NTR) was calculated for each pot by dividing the TR by the 
average TR over the first few days (Fuentealba et al., 2016).  
Leaf relative water content (RWC) was measured on the second fully expanded leaf from 10 
randomly selected shoots per pot. Measurements were timed to occur when TR of half of the 
replicates for a given cultivar by irradiance treatment combination reached 100, 75, 45, and 25%.  
After sampling, leaves were weighed immediately to obtain a fresh weight (FW) and then placed 
in petri dishes filled with deionized water for four hours. Leaves were patted dry and reweighed 
to obtain a turgid weight (TW). The turgid leaves were oven-dried for 48 hours at 80 °C and re-
weighed to obtain a dry weight (DW). Leaf RWC was calculated using the following equation:   
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RWC = 100 * (FW− DW)
(TW−DW)
   (Jiang and Huang, 1999). 
Normalized difference vegetation index (NDVI) was measured every other day using a spectral 
reflectance sensor (SRS, METER Group, Inc. USA). Visual estimates of leaf firing were 
collected daily following the National Turfgrass Evaluation Program (NTEP) guidelines using a 1 
to 9 scale (1 = 100% leaf firing, and 9 = no leaf firing) (Morris and Shearman, 1998).  
Root dry mass (RDM) was measured at the conclusion of the study. Roots were washed free of 
soil, then separated into three depths: 0 – 10, 10-20, and 20-30 cm.  Roots were oven-dried for 48 
hours at 80 °C and weighed.  
Data Analysis  
The response of NTR to decreasing FTSW was analyzed using a segment linear regression model 
(GraphPad Prism 2.01, Software, Inc., SanDiego, CA). A separate model was developed for each 
replication as well as a global model that was fit to the treatment means.  The model was used to 
estimate a break point (FTSWBP) parameter for each genotype. The break point was defined as the 
FTSW at which NTR started to decline, which may reflect the water use pattern and stomatal 
activity during soil drying process (Fuentealba et al., 2016). Measured and derived variables were 
analyzed using the GLIMMIX procedure (SAS Institute Inc., 2011). Tukey’s HSD method was 
used to detect significant differences among treatments means at 0.05 probability level.  
Leaf firing in response to declining soil moisture was not a good fit for the segment linear 
regression model.  Therefore, a nonlinear regression analysis (IBM Corp, 2015) was used to 
predict leaf firing in response to FTSW. The data were fit to a logistic function having the 
following formula: 
LF =  
9





where midpoint is defined as the point where 50% of leaf firing had occurred, slope was a fitting 
parameter, and 9 was the maximum value for LF. Data were compared for midpoint, slope, and 
the FTSW required to reach a LF rating of 6. 
Results 
Light Condition  
The average DLI of non-shaded pots was 25.96 mol m-2d-1, and the average DLI of shade pots 
was 11.34 mol m-2d-1. Light was reduced 49% in April and 62% in May by the shade treatment.  
Transpiration Response during Soil Drying  
The two segment linear regression model provided good fit for the relationship between NTR and 
FTSW resulting in R2 values ranging from 0.92 to 0.98 for the global model (Table 12). Shade 
increased the number of days to reach the FTSWBP, but the magnitude of this change varied 
among cultivars such that days to reach the breakpoint increased by 0.4, 1.9, 1.6, and 5.1 days for 
Falcon IV, Meyer, El Toro, and Latitude 36, respectively (Table 12, Figure 1-4).  Under the non-
shaded treatment, there was no effect of cultivar on the FTSWBP.  Shade similarly had no effect 
on this value with the exception of Latitude 36 for which FTSWBP decreased (soil became drier).   
Leaf firing data were compared among treatment combinations at 100, 75, 45, and 25% TR 
(Table 13).  Leaf firing was significantly affected by a shade by drought interaction at 75% TR. 
At TR 45% and TR 25%, LF was significantly affected by the three-way interaction. In general, 
Falcon IV incurred LF more quickly than the warm-season turfgrasses (Table 14).  At 75% TR, 
shade reduced LF of Falcon IV compared to the non-shaded treatment, while other cultivars were 
unaffected by shade.  At 45% TR, shade reduced LF of El Toro as compared to the non-shaded 
treatment, while other cultivars were unaffected by shade. At 25% TR, shade reduced LF of 
Latitude 36 compared to the non-shaded treatment while other cultivars were unaffected by 
shade. Shade increased the FTSWLF6 (became drier) for each cultivar except Meyer (Table 15). 
Latitude 36 had the highest FTSW LF6 for shade and non-shade conditions among all grasses. A 
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similar pattern was evident in regards to the midpoint parameter of the nonlinear regression 
model, wherein shade increased or had no effect on the midpoint for each cultivar except Meyer. 
Sampling timing for relative water content varied with treatment combination and is reported in 
Table 16. The initial measurement of leaf RWC at 100% TR resulted in a significant cultivar 
main effect (Table 17). At 75% TR, data demonstrated a significant interaction between cultivar 
and shade. At this point in the dry-down, shade had increased the RWC of Falcon IV but not 
other cultivars (Table 18). At the 45% and 25% TR thresholds, the three-way interaction (cultivar 
by shade by drought) was significant. At 45% TR, the main effect of shade increased RWC for 
each cultivar, although only Latitude 36 showed a similar response at 25% TR.   
The cultivar by shade interaction significantly affected NDVI at 75%, 45%, and 25% TR 
thresholds (Table 19). At 75% TR, shade had little effect on cultivar NDVI with the exception of 
decreasing the NDVI of El Toro compared to non-shaded conditions (Table 20).  At 45% TR, 
shade increased NDVI for Meyer and Latitude 36 but decreased it for Falcon IV.  At 25% TR, 
shade increased the NDVI for each warm-season turfgrass but had no effect on Falcon IV. 
The analysis of dry root mass data resulted in a significant cultivar main effect for the total DRM 
and DRM at each soil depth. Shade had significant main effect on the total DRM but not within 
each depth (Table 21).  The total DRM varied with cultivar in the following order: Falcon IV 
(10.76g) > Latitude 36 (9.28g) > El Toro (7.89g) > Meyer (5.59g) (Table 22). Shade reduced the 
total DRM for all grasses. The shaded average DRM over all non-shaded cultivars is greater than 
shaded cultivars by 1.81 g (Table 23). Latitude 36, Meyer, and El Toro had over half of their 
respective DRM at the 0-10 cm soil depth. At the 10-20 cm soil depth, the DRM percentage of 
Falcon IV (29%) was higher than the other three cultivars, followed by El Toro, Meyer, and 
Latitude 36 (Table 23). At the bottom soil layer, tall fescue had the highest percentage (23%) 
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compared to the other three cultivars, and Latitude 36 had the lowest percentage in the bottom 
soil layer (11%).  
Discussion 
Breakpoint Responses 
Bermudagrass, tall fescue, and zoysiagrass have been found to have different drought resistance 
(Huang et al., 1997). The results from this study provide evidence that shade is a significant 
factor that can impact grasses’ drought resistance.  
Savermutlu et al. (2011) reported that bermudagrass possessed superior drought resistance than 
zoysiagrass and tall fescue. This experiment found similar results with Latitude 36 having 
drought resistance than the other three grasses despite not being considered an exceptionally 
drought resistant cultivar within the species.  
The faster use of soil water by Falcon IV as compared to the other three grasses is not surprising 
since cool-season turfgrasses have inherently higher water use rates (Biran et al., 1981). Further, 
it is thought that the more prolific root system of tall fescue provided less resistance to water 
movement from soil into the plant (Beard, 1973; Biran et al., 1981).  Carrow (1996) reported that 
tall fescue is associated with higher root density and greater rooting depth. Qian et al. (1996a) 
reported tall fescue had 39% to 140% greater root length than warm-season turfgrasses, followed 
by bermudagrass and zoysiagrass. This trait seems to be particularly important for extracting 
water from deeper in the profile.  For example, the high RDM at the 20-30 cm depth for Falcon 
IV likely contributed to sustained extraction as compared to Meyer which had the lowest RDM at 
the 20-30 cm depth.   
Leaf Firing Response 
The drought resistance of turfgrasses is commonly evaluated by their visual ratings.  A previous 
study reported that zoysiagrass had little firing when FTSW was low (Cathey et al., 2011). This is 
comparable to what this experiment has found for zoysiagrasses in non-shaded at a certain FTSW 
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point. Different from earlier studies, the shaded grasses demonstrated various response to drought 
in terms of leaf firing, which may result in each grasses’ response to shade.    
Conclusion 
This study provided information about four commonly used turfgrasses and how they differ in 
their response to soil drying process under shaded conditions.  Shade in the presence of increasing 
drought stress affected the transpiration rate of the shade-sensitive genotype (bermudagrass) 
differently than the shade tolerant genotypes.  Results will contribute to our understanding of 













Table 12. Transpiration curve parameters as affected by shade and cultivar. 
Cultivar Shade  BP † FTSWBP ‡ EP R2 
   day  day  
Falcon IV Non-shade 3.6d
§ 0.48ab 10 0.93 
Shade 4.1d 0.58a 18 0.92 
Meyer Non-shade 5.6bcd 0.48ab 18 0.97 Shade 7.5b 0.54a 28 0.98 
El Toro Non-shade 4.7cd 0.53a 18 0.97 Shade 6.3bc 0.52a 23 0.92 
Latitude 36 Non-shade 5.4cd 0.53a 20 0.96 Shade 10.5a 0.34b 23 0.92 
Cultivar (C)  *** *   
Shade (S)  *** ns   
C x S  *** ***   
† BP, days at break point when transpiration started to decline.    
‡ FTSWBP, total transpirable soil water at the break point.  
§ Means followed by the same letter in a given column are not significantly different (p < 0.05).  
*Significant at the 0.05 probability level, **Significant at the 0.01 probability level, 




















Table 13. The analysis of variance for leaf firing (LF) at transpiration rate (TR) 100%, 
75%, 45%, and 25% for all pots. 
Source   TR 100% † TR 75% TR 45% TR 25% 
Cultivar (C) ns  ns *** *** 
Shade (S) ns *** ns ns 
Drought (D) ns *** *** *** 
C x S ns ns * *** 
C x D ns ns *** *** 
S x D ns *** ns ns 
C x S x D ns ns * *** 
† LF, leaf firing at transpiration rate 100%, 75%, 45%, and 25%, respectively.  
*Significant at the 0.05 probability level, **Significant at the 0.01 probability level, 






















Table 14. The means table for leaf firing at 100%, 75%, 45%, and 25% transpiration levels 
for all pots under drought stress. 
Cultivar  Shade  TR 100% TR 75% TR 45% TR 25% 
Falcon IV Non-shade 9.0a
† 8.3b 5.0e 3.0b 
Shade 9.0a 9.0a 5.3d 2.3c 
Meyer Non-shade 9.0a 9.0a 7.3b 3.8a Shade 9.0a 9.0a 6.5c 3.8a 
El Toro Non-shade 9.0a 8.5ab 6.5c 3.8a Shade 9.0a 9.0a 8.0a 3.5ab 
Latitude 36 Non-shade 9.0a 8.5ab 7.8a 2.3c Shade 9.0a 9.0a 8.0a 4.0a 






















Table 15. Non-linear regression analysis for leaf firing (LF) in response to the depleting 
fraction of transpirable soil water (FTSW). 
Cultivar Shade Midpoint† Slope‡ R2 FTWS LF6§ 
Falcon IV 
 
Non-shade  0.77±0.02¶ 5.99±0.95 0.94 0.69 
Shade  0.88±0.03 4.23±0.85 0.84 0.75 
Meyer 
 
Non-shade 0.96±0.02 6.84±0.99 0.92 0.87 
Shade 0.87±0.02 4.84±0.68 0.85 0.75 
El Toro 
 
Non-shade 0.93±0.02 5.55±0.93 0.89 0.82 
Shade 0.94±0.01 13.24±1.36 0.95 0.89 
Latitude 36 
 
Non-shade 0.91±0.01 8.48±1.43 0.87 0.84 
Shade 0.97±0.01 12.75±1.56 0.93 0.91 
† Midpoint was a fitted parameter indicating the point where 50% of the leaf firing had occurred. 
‡ Slope was a fitted parameter indicating the leaf firing rate. 
§ FTSWLF6, is the depleted fraction of transpirable soil water at leaf firing = 6. 





Table 16. Relative water content (RWC) sampling time and soil moisture content on the 
sampling time. 
Cultivar  Shade  Days After Soil Drying (FTSWRWC) † 
  RWC 1‡ RWC 2 RWC 3 RWC 4 
Falcon IV Non-shade 0 (0.85)  4 (0.44) 7 (0.20) 10 (0.03) 
 Shade 0 (0.89) 4 (0.69) 10 (0.17) 18 (0.02) 
Meyer Non-shade 0 (0.89) 4 (0.61) 10 (0.18) 18 (0.02) 
 Shade 0 (0.93) 4 (0.74) 18 (0.20) 28 (0.02) 
El Toro Non-shade 0 (0.89) 7 (0.43) 11 (0.14) 18 (0.02) 
 Shade 0 (0.91) 6 (0.56) 13 (0.22) 23 (0.02) 
Latitude36 Non-shade 0 (0.90) 7 (0.42) 11 (0.20) 20 (0.01) 
 Shade 0 (0.92) 6 (0.61) 13 (0.27) 23 (0.02)  
† FTSWRWC, soil moisture that is available for transpiration on RWC sampling day for four 
transpiration ratio points (100%, 75%, 45%, and 25%).  
‡ RWC1 is the relative water content at 100% transpiration rate (TR) level for all grass, RWC2 is 
relative water content at 75% TR level; RWC3 is relative water content at 45% TR level; RWC4 



















Table 17. The analysis of variance for relative water content (RWC) at 100%, 75%, 45%, 
and 25% TR levels for all grasses. 
Source TR† 100% TR 75% TR 45% TR 25% 
Cultivar (C) * ** *** *** 
Shade (S) ns ** *** ns 
Drought (D) ns *** *** *** 
C x S ns * * ns 
C x D ns ns ** *** 
S x D ns ns ns ns 
C x S x D ns ns *** * 
† TR, transpiration ratio at 100%, 75%, 45%, and 25%.  
*Significant at the 0.05 probability level, **Significant at the 0.01 probability level, 























Table 18. The effect of the cultivar by shade interaction on leaf relative water content at 
100%, 75%, 45%, and 25% transpiration ratio (TR) thresholds. 
Cultivar Shade  TR‡ 100% TR 75% TR 45% TR 25% 
  ———— g g-1———— 
Falcon IV Non-shade 0.84ab† 0.77c 0.69b 0.55c 
 Shade 0.92a 0.88a 0.60c 0.50c 
Meyer Non-shade 0.86a 0.88a 0.69b 0.69ab 
 Shade 0.92a 0.90a 0.86a 0.71a 
El Toro Non-shade 0.86a 0.85a 0.77b 0.69ab 
 Shade 0.91a 0.89a 0.87a 0.77a 
Latitude 36 Non-shade 0.84ab 0.82ab 0.72b 0.55c 
 Shade 0.82b 0.81b 0.81a 0.73a 





















Table 19. The analysis of variance for normalized vegetation difference index (NDVI) at 
100%, 75%, 45%, and 25% transpiration ratio (TR) thresholds. 
Source  TR† 100% TR 75% TR 45% TR 25% 
Cultivar (C) ns *** *** *** 
Shade (S) ns *** *** *** 
Drought (D) ns *** *** *** 
C x S ns *** *** *** 
C x D ns * *** * 
S x D ns * *** *** 
C x S x D ns ns *** * 
† TR, transpiration ratio at 100%, 75%, 45%, and 25%.  
*Significant at the 0.05 probability level, **Significant at the 0.01 probability level, 






















Table 20. The effect of cultivar by shade interaction on normalized vegetation difference 
index (NDVI) of dry-down treatments at 100%, 75%, 45%, and 25% transpiration ratio 
(TR) thresholds.   
Cultivar  Shade  NDVI † 
  TR‡ 100% TR 75% TR 45% TR 25% 
Falcon IV Non-shade  0.81a§ 0.79a 0.76a 0.63bc 
 Shade 0.82a 0.76ab 0.72bc 0.68ab 
Meyer Non-shade 0.81a 0.77ab 0.67cd 0.59c 
 Shade 0.83a 0.71b 0.75ab 0.72a 
El Toro Non-shade 0.81a 0.79a 0.64d 0.58c 
 Shade 0.86a 0.71b 0.68cd 0.69ab 
Latitude 36 Non-shade 0.83a 0.71b 0.57e 0.51d 
 Shade 0.82a 0.72b 070cd 0.68ab 
† NDVI, normalized vegetation difference index, at 100%, 75%, 45%, and 25% transpiration rate 
level for all grass. 
‡ 0 means non-shaded condition or well-watered condition, 1 means shade condition or soil 
drying process. 





















Table 21. The analysis of variance for dry root mass (DRM) at selected soil depths. 
Source  0~30cm† 0~10cm 10~20cm 20~30cm 
Cultivar (C) *** *** ** *** 
Shade (S) *** ns ns ns 
Drought (D) ns ns ns ns 
C x S ns ns ns ns 
C x D ns ns ns ns 
S x D ns ns ns ns 
C x S x D ns ns ns ns 
† Soil profile depths used to extract root samples. 
*Significant at the 0.05 probability level, **Significant at the 0.01 probability level, 

























Table 22. The effect of cultivar main effect on dry root mass (DRM) at 0~10cm, 10~20cm, 
20~30cm, and 0~30cm depths. 
Cultivar 0~30cm† 0~10cm 10~20cm 20~30cm 
 —— g m-2—— 
Falcon IV 609.2a‡ 269.5b 184.0a 155.7a 
Meyer 316.5d 172.7d   81.0c   62.8c 
El Toro 446.1c 224.2c 129.7b   92.3b 
Latitude 36 525.4b 344.2a 131.9b   49.3c 
† Soil profile depths used to extract root samples. 

























Table 23. The effect of the irradiance treatment main effect on dry root mass (DRM). 
Treatment  DRM (0~30cm)  
 g m-2 
Non-shade ‡   525.4a ‡ 
Shaded 422.9b 
† Shade treatment was defined as ambient greenhouse conditions plus a 55% shade fabric. Non-
shaded treatment was defined as ambient greenhouse conditions plus supplemental high-pressure 
sodium lights.  




























Figure 1. The segmented linear relationship between normalized transpiration ratio (NTR) 
and fraction of transpirable soil water (FTSW) during soil drying process for Falcon IV tall 
fescue under non-shaded (left) and shaded (right) conditions. Breakpoint refers to the point 
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Falcon IV Non-shaded Falcon IV Shade 
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Figure 2. The segmented linear relationship between normalized transpiration ratio (NTR) 
and fraction of transpirable soil water (FTSW) during soil drying process for Meyer 
zoysiagrass under non-shaded (left) and shaded (right) conditions. Breakpoint refers to the 
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Figure 3. The segmented linear relationship between normalized transpiration ratio (NTR) 
and fraction of transpirable soil water (FTSW) during soil drying process for El Toro 
zoysiagrass under non-shaded (left) and shaded (right) conditions. Breakpoint refers to the 
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Figure 4. The segmented linear relationship between normalized transpiration ratio (NTR) 
and fraction of transpirable soil water (FTSW) during soil drying process for Latitude 36 
bermudagrass under non-shaded (left) and shaded (right) conditions. Breakpoint refers to 
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Figure 5. The fitted change in leaf firing (LF) with depleting fraction of transpirable soil 













































PERFORMANCE AND COMPARATIVE WATER USE OF ZOYSIAGRASS 
CULTIVARS UNDER SHADE 
 
Abstract 
The shaded environment poses a turfgrass irrigation management challenge due to microclimate 
effects on evapotranspiration (ET) and genotypic variation in response to reduced irradiance. In 
Oklahoma, bermudagrass (Cynodon spp.) represents the majority of turfgrass species used for 
residential lawns in non-shaded conditions.  Zoysiagrass (Zoysia spp. Willd.) is a lesser-used 
turfgrass species that is well adapted to the transition zone through the central part of USA and 
has superior shade tolerance to bermudagrass. As such, zoysiagrasses serve as an alternative 
choice to bermudagrass – particularly in moderately shaded lawns.  In order to understand the 
comparative water use rate of zoysiagrass and bermudagrass in a shaded environment, a field 
study was conducted using 11 zoysiagrass cultivars and one bermudagrass cultivar managed 
under artificial shade (73% of ambient). Soil moisture at five depths was measured every three to 
four days throughout the growing season. A water balance approach was used to estimate ET 
under shaded and non-shaded conditions and calculate a crop coefficient (Kc) and microclimate 
coefficient (Kmc). Normalized difference vegetation index and turf quality (TQ) were measured 




the highest TQ, while ‘Celebration’ bermudagrass showed the lowest TQ. ‘Meyer’ was among 
the highest water users (Kc = 0.31) among the zoysiagrasses in shade, although it was not 
statistically different from ‘Diamond’ (Kc = 0.29). 
Introduction 
The predicted deficit of fresh water resources is a major environmental issue for turfgrass 
industry in many regions of the country (Brown and Matlock, 2011; Pfister et al., 2009; Pimentel 
et al., 2004). The demand for potable water from industrial and domestic sectors is increasing 
with the growing population across the U.S., while readily available water resources are finite 
(Gleick, 1993; Maggioni, 2015; Simonovic and Fahmy, 1999). Efficient management of potable 
water resources is critical to ensuring continued growth of metropolitan areas (Aitken et al., 
1994). Water used for irrigation residential lawns is a significant component of the annual water 
budget of most cities, particularly those in arid and semi-arid climates (Bijoor et al., 2014; 
Bruvold and Smith, 1988; Endter‐Wada et al., 2008). Proper selection and management of 
turfgrasses in urban landscapes can contribute to substantial water savings without sacrificing the 
beneficial properties of turfgrasses (Bormann et al., 2001; Ferguson, 1987). Shade is a multi-
faceted phenomenon for the turfgrass ecosystem that can influence the atmospheric, edaphic, and 
plant systems. The shaded environment is characterized by changes in energy flux, temperature, 
and other microclimatic conditions.  Turfgrasses have varying levels of tolerance to reduced light 
quantity or quality, and often shade involves the presence of tree root competition.  These factors 
create a complex environment that can be difficult to manage.   
Plant water use is defined as the total amount of water required for turfgrass growth plus the 
quantity lost by transpiration from the plant and evaporation from the soil surface (Beard and 
Weyl, 1973). Evapotranspiration (ET) is a combined loss of water simultaneously from 
transpiration and plant and soil surfaces. Turfgrass ET rates can vary within and across species 
(Allen, et al., 2005; Romero and Dukes, 2016).  
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Plant ET rates are strongly influenced by atmospheric conditions such as the vapor pressure 
deficit and solar radiation (Allen et al., 2005).  Reference evapotranspiration (ETo) is an estimate 
of the ET from an idealized reference crop based on the micrometeorological properties of a 
location.  The ETo can be adjusted using crop coefficients (Kc) to estimate a particular crop ET 
rate (Carrow, 1995; Brown et al., 2001; McCready et al., 2009). Factors that can impact turfgrass 
Kc’s include soil moisture stress, plant canopy characteristics, plant growth rates, and season 
(Allen et al., 2005; Carrow, 1985). Brown et al. (2001) reported that mowing height, fertility, and 
irrigation frequency can also influence crop coefficients. Warm-season turfgrass is commonly 
reported to have a Kc ranging from 0.6 to 0.7 (Carrow, 1995).  
Most Kc’s have been developed for non-shaded environments with the assumption of similar 
micrometeorological conditions between the irrigated field of interest and the weather station site 
used to calculate ETo.  The typical home lawn rarely meets this assumption, and a better 
understanding of how Kc’s should be adjusted for a shaded landscape is warranted. Feldhake et al 
(1983) reported a linear relationship between solar radiation and ET rates of various turfgrasses.  
However, others have shown genotypic by environment interactions for water use rates of 
turfgrasses (Brown et al., 2001;  Green et al., 1991).  One possible explanation for this 
inconsistency in ET rates across varying environments is the potential for morphological and 
physiological changes to plant growth and development that can violate assumptions of the ETo 
model (Bell et al., 2000; Dudeck and Peacock, 1992; Feldhake and Butler, 1983). 
Zoysia spp. are well adapted to the transition zone of the United States and have good 
performance under moderate shade (Patton and Reicher, 2007). However, there can be substantial 
intra-specific variability in shade tolerance among zoysiagrasses (Sladek et al., 2009; Trappe et 
al., 2011; Wherley et al., 2011).  Several new zoysiagrass cultivars have been released with 
promise for use in the transition zone, but knowledge of their performance in shaded 
environments is limited (Chandra et al., 2014; Chandra et al., 2017).  A better understanding of 
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turfgrass water use rates and turf performance under moderately shaded environments would 
contribute to development of best management practices for shaded lawns in the region.   
Therefore, a field study was conducted to quantify the ET rates of 11 selected zoysiagrass 
cultivars and one bermudagrass cultivar under moderate shade. My hypotheses were 1) that 
cultivars would vary in their ET rates under shade and 2) that relative rankings of ET rates among 
cultivars would vary with irradiance level.  
Materials and Methods     
Location, Plant Materials, and Experiment Conditions 
The experiment was conducted at the Oklahoma State University Turfgrass Research Center in 
Stillwater, OK (36.136043°N, -97.086767°W). The experiment was conducted from 11 June to 1 
September 2018. The soil series for the research field was an Easpur loam (fine-loamy, mixed, 
superactive, thermic Fluventic Haplustolls). Plots were established from sprigs in the previous 
year (May 2017) and demonstrated full coverage at the time of the study. The size for each plot is 
1.8 m x 1.8m.   
There were 11 zoysiagrass cultivars included in this field study: ‘Zeon’ (Z. matrella), 
‘Innovation’ (Z. matrella × Z. japonica), ‘Meyer’ (Z. japonica), ‘Chisolm’ (Z. japonica), ‘Y2’ (Z. 
japonica), ‘Zorro’ (Z. matrella), ‘El Toro’ (Z. japonica), ‘KSUZ1201’ (Z. japonica × Z. pacifica), 
‘JaMur’ (Z. japonica), ‘Palisades’ (Z. japonica), and ‘Diamond’ (Z. matrella). In addition, one 
bermudagrass (C. dactylon L. Pers. ‘Celebration’) was selected for this study to provide 
comparison against a relatively shade tolerant cultivar in an otherwise shade sensitive species 
(Chhetri et al., in review).  
Turf height was maintained by mowing weekly at 5 cm with a self-propelled smart drive lawn 
mower (GCV160, Honda, Inc.). Fertilizer (TCS GrowStar 25-0-10, TurfCare, OH) was applied at 
a rate of 1.2 g N m-2 every two weeks. Preventative applications of chlorothalonil (Daconil 
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Weatherstik, Syngenta, Basel, Switzerland) and bifenthrin (Up-Star Gold Insecticide, Seed 
Ranch, Odessa, FL) were applied every two weeks for control of Rhizoctonia spp. related 
diseases, bermudagrass mite (Aceria cynodoniensis Sayed), and zoysiagrass mite (Eriophyes 
zoysiae).  
Experiment Design 
The experiment was arranged as a randomized complete block design with three replications. 
Each of the 12 cultivars were subjected to artificial shade imposed by black woven shade fabric 
(American Plant Products, Oklahoma City, OK), nominally rated to reduce incoming radiation by 
73%. Three 6 x 8 m steel structures supported by pneumatic tires were used to maintain the fabric 
approximately 35 cm above the canopy similar to those used by Trappe et al. (2011). The 
structures can be easily moved off of plots to collect data or perform maintenance.  Shade fabric 
was placed on the plots on 9 June 2018 and remained in place until 1 September 2018. Additional 
shade was provided by a row of pine trees along the western edge of the plots which provided 
shade across the plots beginning at approximately 1500 hours. 
In addition to the shaded plots, six of the cultivars (Celebration, El Toro, Meyer, Diamond, Zeon, 
and Palisades) were also maintained under ambient light conditions.  Shaded blocks and non-
shaded blocks were randomized such that the six cultivars used under both conditions were 
arranged as a split-plot design with shade serving as the whole main plots. 
Irrigation Scheduling 
Irrigation was scheduled every two weeks to apply 89 mm over the course of the night by five 
irrigation cycles. When timely rainfall occurred, scheduled irrigation events were delayed to 
ensure sufficient rain/irrigation-free measurement intervals. Because of above-average normal 





Data were collected every three or four days in the early morning to limit the amount of sunlight 
reaching shaded plots. On measurement days, plots were assessed for soil moisture content, visual 
turf quality (TQ), and normalized difference vegetation index (NDVI). Surface soil moisture 
content was measured using a handheld soil moisture meter (POGO, Stevens Water Monitoring 
Systems Inc., OR, USA) reaching a depth of 6 cm. Soil moisture was also measured at discrete 
depths (10, 20, 30, and 40 cm) using a handheld soil moisture meter (PR2, Delta-T Devices, Ltd, 
England) and previously installed access tubes. Turf quality was assessed on each data collection 
day following the methods of the National Turfgrass Evaluation Program taking into account turf 
density and uniformity (Morris and Shearman, 1998). A TQ score of 9 was considered 
outstanding turf, 1 was considered the poorest turf, and 6 or above was considered acceptable.   
Photosynthetically active radiation (PAR) was measured on a 30 minute resolution using a 
quantum sensor (Spectrum Technologies, Inc., Aurora, IL). One sensor was placed under the 
shade cloth near the canopy height and another sensor was placed under ambient conditions.  A 
daily light integral (DLI) was calculated as the cumulative PAR reaching plots within a day.     
Water use rates were estimated from the soil moisture data using a water balance approach. The 
daily soil water depth was estimated by integrating data across the five sensors using an assumed 
rootzone depth of 45cm. Changes in soil moisture during rain-free days were considered to be due 
to ET. Crop coefficients (Kc) were calculated as the ratio of measured ET to Mesonet reference 
ET (Stillwater site) over the measurement interval. A separate Kmc was calculated for the shaded 
microclimate as the reduction in Kc from sun to shaded environment for each specific cultivar. In 
total, ET and Kc data were calculated for seven intervals across the months of June, July, and 
August (Figure 6). 
In order to monitor the turf performance of each genotypes throughout the experiment period, a 
handheld crop reflectance meter (RapidSCAN CS-45, Holland Scientific, NE, USA) was used to 
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measure NDVI. The instrument was held approximately 1 m from the canopy and applied to 
collect an average response for the entire plot.  
Data Analysis  
Turf performance data (i.e., visual ratings and NDVI) were averaged across dates within each 
month prior to analysis. Data were subjected to an analysis of variance (ANOVA) using a 
generalized linear model (IBM Corp, 2015). Data were analyzed first for all twelve cultivars 
under shaded conditions alone with time, cultivar, and their interaction as the only fixed factors. 
Subsequently, data for the six cultivars represented under both shade and sun were analyzed using 
a different model which included shade and its interactions as additional factors. Means of each 
variable were separated using Fisher’s protected least significant difference (LSD). A significance 
level of p < 0.05 was used for all statistical tests. 
Results 
Environmental Conditions 
Shaded plots received about 23% of the total PAR reaching non-shaded plots (Table 25). The DLI 
of non-shaded plots ranged from 37.0 to 44.2 mol m-2d-1, and DLI of shaded plots ranged from 7.9 
to 12.5 mol m-2 d-1. The soil volumetric water content of shaded plots was higher on average than 
the non-shaded plots, particularly in the upper 20 cm (Figure 6).   
Turf Performance and ET Rates under Shade 
Each measured variable demonstrated a significant cultivar and time main effect, while the time 
by cultivar interaction was not significant (Table 26). Each zoysiagrass cultivar maintained an 
acceptable average TQ score of six or better under shade (Table 26).  Diamond demonstrated the 
highest TQ and NDVI compared to other cultivars, while Celebration had the lowest TQ and 
NDVI. Zeon was also a good performing cultivar resulting in a higher TQ and NDVI than three 
and seven other cultivars, respectively. Innovation also demonstrated good performance in shade 
having a similar TQ and NDVI to Zeon.   
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Crop coefficients for shaded turfgrasses ranged from 0.18 for Celebration to 0.31 for Meyer 
(Table 26). The Kc and ET rate of Meyer was greater than all other cultivars except for Diamond, 
while the majority of the other zoysiagrass cultivars were similar to each other (Table 26).   
Comparison of Shaded and Non-Shaded Turfgrasses 
For the six selected cultivars, a three-way interaction of genotype by shade by month was 
significant for TQ, while NDVI was affected by a significant genotype by shade interaction (Table 
27). Turf quality under the shaded environment declined each month, while the TQ of ambient plots 
remained constant (Table 28). No significant difference in NDVI was found among Diamond, 
Meyer, Palisades, and Zeon under shade.  
A two-way interaction of cultivar and shade was significant for Kc and ET; therefore, data were 
pooled across date (Table 27). The Kc for each cultivar decreased from the ambient to shade 
condition with the Kc for shaded turf ranging from 24% to 42% of the Kc for ambient turf in 
Celebration and Meyer, respectively. The cultivar and time main effects were significant for Kmc, 
therefore means were pooled across date (Table 27). Bermudagrass demonstrated the lowest Kmc 
although this was not different from Zeon (Table 28).   
Discussion 
The shaded environment used in this study is artificial and not likely to simulate most shaded 
conditions in the real world.  However, the findings contribute to our understanding of how plants 
adapt to their environment and can be used to guide future research in this field. 
The soil moisture content at field capacity for a loam was reported by Datta et al. (2017) as 0.27 
m3 m-3. In the present study, shaded plots stabilized around a soil moisture content of 0.36 m3 m-3 
suggesting a slightly higher than expected field capacity moisture content.  This is likely due to 
variation in soil water holding capacity even within a soil textural class and proximity of the plots 
to a nearby water table (Cow Creek). 
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Green et al. (1991) conducted a three-year experiment studying the ET rates of 11 zoysiagrasses 
and found no significant difference among ET rates in their field study.  However, the same 
report showed differences among cultivars when studied in a controlled environment. In the 
present study, there was little variation between cultivars under non-shaded conditions (high 
evaporative potential) but significant differences under shade (low evaporative potential).  These 
findings contribute further evident suggesting microclimate can influence the relative 
transpiration rates of cultivars within a species and among species.   
Carrow (1995) reported that the crop coefficient of Meyer was higher (0.81) than bermudagrass 
(0.67). Wherley et al (2015) reported the Kc for bermudagrass (0.66) to be similar to that of 
zoysiagrass (0.68).  These Kc values are comparable to those reported in the present study for 
non-shaded conditions.  Apparently the relative ranking of bermudagrass and zoysiagrass Kc’s 
can vary with location suggesting a genotype by environment interaction or some other artifact of 
the specific cultivars used.  
To the author’s knowledge, this is the first direct measurement of a Kmc for turfgrasses.  Previous 
work by Feldhake et al. (1983) suggested turfgrass ET rates should decrease linearly with 
diminishing solar radiation.  Assuming measured reductions in PAR were equivalent to the 
reduction in total shortwave radiation, the expected Kmc’s should be approximately 0.33 (the 
mean reduction in PAR over the study period).  In contrast, there was significant variability 
among cultivars suggesting a strict linear relationship with radiation may not be adequate to 
accurately describe ET in the shade for all turfgrasses.    
Under shade, turfgrasses can demonstrate noticeable changes to growth and development 
including a reduced leaf width, reduced shoot density, reduced tillering, increased leaf length, 
longer internodes, and more vertical growth habit (McBee and Holt, 1966; Sladek, et al., 2009; 
Tegg and Lane, 2004). Managing warm-season turfgrasses in shade can be challenging, but 
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zoysiagrasses have often shown good performance in moderately shaded environments (Sladek, 
et al., 2009). Our study is generally in agreement with these previous reports as each zoysiagrass 
cultivar maintained an acceptable annual mean turf quality under 10.9 mol m-2 d-1 light regime in 
summer.  However, the clear decline in TQ with month suggests additional years of study will be 
needed to confirm the relative shade tolerance of these cultivars.    
In regards to relative shade tolerance among cultivars, the present study agrees with the work of 
Qian and Engelke (1999) who identified Diamond as an exceptionally shade tolerant cultivar and 
Green (2008) who reported the minimum DLI of Diamond to be 11.3 mol m-2 d-1 in summer. In 
contrast, Wherley et al. (2011) reported that zoysiagrass cultivars ‘Zorro’, ‘Royal’, and ‘Shadow 
Turf’ were better performers under 89% shade than Zeon, Diamond, Meyer, and Palisades. 
‘Innovation’, ‘KSUZ1201’, and ‘Chisolm’ are relatively new or experimental cultivars and 
limited information is known about their shade tolerance. Chandra et al. (2014) reported that 
Chisolm has higher TQ and establishment rate from vegetative plugs than Meyer under shade. 
Innovation and KSUZ1201 were reported to be fine-textured interspecific zoysiagrass hybrids 
having good TQ and better density than Meyer (Fry, 2016; Chandra et al., 2017). Our results 
suggest Innovation as having average to above-average shade tolerance compared to other 
cultivars used in this study. Differences in establishment timing (before or after shade treatment), 
shade source (trees versus fabric), or the distance between shade and turfgrass canopy may have 
contributed to the variation in published results.   
Celebration has in several papers been shown to be one of the most shade tolerant bermudagrass 
cultivars (Baldwin et al., 2007; Bunnell et al., 2009; Chhetri et al., in review). According to 
Bunnell et al. (2005), Celebration demonstrated acceptable TQ when receiving 11.9 mol m-2 d-1 
DLI from August to October. The light quantity in the present study was slightly less than this 




This study provided information on a comparative water use rates of 11 different zoysiagrasses 
and one bermudagrass under shaded conditions. In general, Kmc’s used to estimate the effect of 
microclimate on ET can be assumed to be similar to reductions in PAR, although this may be 












Table 24. The effect of shade treatment on the daily light integral (DLI) during the 
experiment period. 
DLI† Shade‡  Non-shaded % Shade§ 
 mol m-2 d-1 mol m-2 d-1 - 
June  12.54 44.15 0.72 
July    8.55 43.59 0.80 
August   8.21 36.97 0.78 
† DLI was measured on 15 min intervals using a quantum sensor and summed for each day 
before averaging within month. 
‡ Shade was applied using a black fabric nominally rated to reduce light by 55%. Non-shaded 
was the conditions without any shade treatment. 
















Table 25. The analysis of variance and means of turf quality (TQ), normalized vegetation 
difference index (NDVI), crop coefficient (Kc), and ET of twelve warm-season turfgrasses 
under artificial shade. 
Cultivar  TQ† NDVI Kc‡ ET LER§ 
    mm d-1 mm wk-1 
Celebration 5.5e¶ 0.64g 0.18d      1.2e 18.13ef 
Chisolm 6.3d 0.70f 0.24c    1.6bcd  38.25ab 
Diamond 7.5a 0.82a   0.29ab  1.9ab      14.66f 
El Toro 6.6c 0.70f 0.23c  1.5cd 29.76cd 
JaMur 6.4cd 0.69f 0.23c  1.5cd 29.98cd 
Innovation  6.8bc   0.74bc 0.22c      1.5d      31.48c 
KSUZ1201 6.3d    0.71def   0.27bc  1.8bc     16.66ef 
Meyer 7.0b     0.74bcd 0.31a      2.0a      33.11bc 
Palisades 6.9bc     0.73bcd   0.27bc    1.7bcd      40.65a 
Y2 6.3cd  0.71ef   0.25bc    1.7bcd 20.41ef 
Zeon 6.8bc 0.76b 0.23c   1.5cd      31.00c 
Zorro 6.4cd     0.73cde 0.24c   1.6cd 23.49de 
Cultivar (C) ***‡ *** *** *** *** 
Time (T) *** *** *** *** ** 
C x T ns ns ns ns ns 
† TQ, turf quality, was measured following the NETP guidance. 6 was referred as acceptable TQ, 
and 9 was regarded as excellent TQ. 
‡ Kc, crop coefficient.  
§ LER, leaf elongation rate was measured tree times in total and in different tree weeks.  
¶ Means followed by the same letter in a given column are not significantly different (LSD 0.05).  
*** Significant at the 0.0001 probability level. ** Significant at the 0.001 probability level. * 














Table 26. The analysis of variance of all factors and their interactions on turf quality (TQ) 
for the six cultivars.  
Source TQ† NDVI Kc‡ ET Kmc§ 
Replication * ns ** ** - 
Cultivar (C) *** *** ns ns *** 
Shade (S) *** *** *** *** - 
Time (T) *** *** *** *** *** 
C * S *** *** ** ** - 
C * T ** ns ns ns ns 
S * T *** *** *** *** - 
C * S * T *** ns ns ns - 
† TQ, turf quality. NDVI, normalized vegetation difference index. Kc, crop coefficient. ET, plants 
water use rates.  
‡ Kc, crop coefficient.  
§ Kmc, microclimate coefficient, which is essentially the ratio of Kc from the shade to Kc from the 
sun. 
*** Significant at the 0.0001 probability level. ** Significant at the 0.001 probability level. * 





















Table 27. The mean values of turf quality (TQ) in June, July, and August; the averaged 
NDVI, Kc, and ET over experiment period. 
Cultivar Treatment --------TQ†-------- NDVI Kc‡ ET LER Kmc§ 
  June July August -------- Average --------  
     mm d-1 mm wk-1  
Celebration Non-shade 6.9ef¶ 8.2bc 7.7b 0.761c 0.74a 4.8a 5.03e 0.29d 
Diamond Non-shade 8.4a 8.8ab 8.5a 0.827a 0.71a 4.6a 0f 0.42ab 
El Toro Non-shade 7.2de 8.3ab 8.9a 0.726e 0.73a 4.8a 16.27cd 0.36bc 
Meyer Non-shade 7.4cde 7.6d 7.1cd 0.721e 0.73a 4.8a 11.67d 0.45a 
Palisades Non-shade 8.1ab 8.8a 8.8a 0.769bc 0.75a 4.9a 13.16cd 0.39bc 
Zeon Non-shade 8.1ab 7.7cd 7.3bc 0.786b 0.76a 4.9a 13.64cd 0.33cd 
Celebration Shade 6.6f 5.5g 4.5h 0.643g 0.18d 1.2d 18.13c - 
Diamond Shade 8.4a 7.3de 6.6de 0.823a 0.29bc 1.9bc 14.66cd - 
El Toro Shade 7.5cd 6.8ef 5.5g 0.695f 0.23cd 1.5cd 29.76b - 
Meyer Shade 7.7bcd 7.2de 6.1ef 0.736de 0.31b 2.0b 33.11b - 
Palisades Shade 8.2ab 6.9ef 5.6fg 0.733de 0.27bc 1.7bc 40.65a - 
Zeon Shade 7.9abc 6.6f 5.9fg 0.757cd 0.23cd 1.5c 31b - 
† TQ, turf quality, was measured following the NETP guidance. 6 was referred as acceptable TQ, 
and 9 was regarded as excellent TQ. 
‡ Kc, crop coefficient.  
§ Kmc, microclimate coefficient, which is essentially the ratio of Kc from the shade to Kc from the 
sun. 











Figure 6. Rainfall, irrigation, and soil volumetric water content (VWC %) during the 























































Figure 7. The soil moisture content for shaded and non-shaded conditions within 0-40 cm 




























Turf-type tall fescue is a popular turfgrass in the transition zone of the United States, and it had 
an excellent shade tolerance. Bermudagrass is one of the most widely used turfgrass species in 
tropical and subtropical areas. In addition, zoysiagrass is well-adapted to the transition zone and 
is reported to have superior shade tolerance to bermudagrass. The three studies presented herein 
were designed to help understand how these three species vary in response to shade regarding 
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